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Two series of highly ordered two-dimensional arrays of Ni 81 Fe 19 nanoellipses were nanofabaricated with different aspect ratios, R, and element separations, S, to investigate the influence of the self-demagnetization and the magnetostatic interaction upon the magnetization reversal. For nanostructures with low shape anisotropy, an additional magnetic easy axis was induced orthogonal to the shape-induced easy axis by reducing the separations along both axes. For the structures with larger shape anisotropy, the switching field distribution/coercivity (SFD/H c ) was reduced, and for the array with the smallest separations (20 nm and 35 nm along the long and short axes, respectively), coherent rotation of the whole array occurred. The magnitude of both the shape anisotropy and a configurational anisotropy induced by the magnetostatic interactions have been estimated. These results provide some useful information for the design of potential magnetic nanodot logic and for high-density magnetic random access memory. Novel and emerging nanomagnetic and spintronic devices, such as magnetic logic gate (MLG) [1] [2] [3] and magnetic random access memory (MRAM), 4, 5 have been extensively studied and are regarded as potential candidates for future information technology. The MLG concepts reported [1] [2] [3] rely upon magnetostatic interactions between adjacent singledomain nanomagnets to information transfer and logical processing. For high-density MRAM, "cross-talk" between neighboring cells due to magnetostatic interaction increases significantly as the memory density increases. To develop future MLG systems and high-density MRAM further, it is important to understand the influence of magnetostatic interactions upon the magnetization reversal behavior in densely packed arrays and in particular two-dimensional arrays. To obtain a suitable domain structure and maintain good thermal stability, elliptically shaped nanostructures have been commonly adopted, so in addition to array spacing, the influence of the shape-induced anisotropy also needs to be considered. However, most work has focused upon either twodimensional isotropic circular dot arrays or chains of structures with vortex domain structures. 6, 7 Far fewer studies have investigated arrays of ellipses or taken into account the shape anisotropy. [8] [9] [10] [11] [12] Webb and Atkinson 8 and Endo et al. 9 have separately reported that increased magnetostatic interactions along the long axis of chains of Ni-Fe nanoellipses enhance the coercivity. Lyle et al. 10 showed that in nanoscale elliptical magnetic tunnel junction structures, chains of structures parallel to the short axis of the ellipse develop a configurational anisotropy and overcome the inherent shape anisotropy to define a new easy axis direction. Jain et al.
11
and Yin et al. 12 have recently explored the competition between shape anisotropy and configurational anisotropy in linear chains; however, the results were complicated due to the complex multi-domain structures. Also, in these investigations, the shape anisotropy of the elliptical elements was kept constant, the magnetostatic interactions were significant only along the chains, and the interaction-induced easy axis dominated the original shape anisotropy. 10 Therefore, it remains necessary to systematically explore how the magnetization reversal of nanoscale elliptical elements are influenced by varying both the shape anisotropy and the magnetostatic interactions along both the short and long axes of the structures.
In this paper, we reported a systematic study of twodimensional arrays of Ni 81 Fe 19 nanoellipses with the element separations down to 20 nm. The results should be useful for the design of future MLG and high-density MRAM.
II. EXPERIMENTAL METHODS
Two series of two-dimensional arrays of nanoellipses were patterned on the same wafer by electron beam lithography and Ar þ ion beam etching of a 20-nm-thick Ni 81 Fe 19 film with 2-nm Ru caplayer deposited on Si/SiO 2 substrate by sputtering. The nanostructures in the two series of arrays had different aspect ratios, R (defined the ratio of the long axis, a, to short axis, b), of 1.5 and 2 but in both series the nanostructures had the same short axis dimensions, b ¼ 65 nm. Figure 1 The uniformity of the shapes was good, and clearly defined edges were observed in all of the arrays down to the smallest separation, S 2x ¼ 20 nm. The magnetization reversal was investigated at room temperature using a longitudinal magneto-optical Kerr effect (MOKE) system with focused laser spot of about 5 mm and the single-domain structure was confirmed by MFM measurement. Figure 2 shows the dependence of coercivity, H c , upon separation measured at different field angles for the arrays of nanoellipses with R ¼ 1.5. Thereinto, the angular dependence of the MOKE loops for the largest separations S 1x ¼ S 1y ¼ 90 nm is presented in the top-left inset of Fig. 2 . The angle, h, ranged from 0 to 90 , and represented the angle between the applied magnetic field, H, and the long axis of the nanoellipses (x direction). At h ¼ 90 , the magnetization response was linear indicating hard axis magnetization behavior. The same measurements were performed for the arrays with separations S 1x ¼ S 1y ¼ 40 nm and S 1x ¼ S 1y ¼ 30 nm, respectively, and a similar angular dependence of the magnetization behavior was obtained. Here, for h in the ranges from 0 to 60 , the coercivity increases non-linearly as the nanostructure separations (S 1x and S 1y ) increase. In contrast, at h ¼ 90 (y direction), H c falls with increasing separations. The bottom-right inset Fig. 2 indicates that the initial shape-induced magnetic hard axis changes as a result of the competition between the self-demagnetization energy and the significantly increased magnetostatic interactions along both axes. However, the original shape-induced easy axis is maintained. Based upon previous theoretical work, 3 an additional easy axis can help initialize a MLG array, allowing accurate functional performance. Hence, this result may be useful for the design of future high-performance MLG. Figure 3(a) shows the MOKE loops taken from arrays of structures with R ¼ 1.5, at h ¼ 0 , with separations S 1x (¼ S 1y ) ¼ 90, 40, and 30 nm, respectively. The shape of the MOKE loops change and H c decreases significantly as the separations decrease. In contrast, recent work on onedimensional chains of nanoellipses, showed that the coercivity increased as the separations decreased. 8, 9 This highlights the difference between one-and two-dimensional magnetostatic interactions. To understand the influence of the magnetostatic interactions on the magnetization reversal in two-dimensional arrays of nanoellipses, the effective anisotropy constant, K eff , the configurational anisotropy, K conf , and the normalized switching field distribution (SFD/H c ) have been analyzed quantitatively. Because the magnetic nanoelliptical structures can be regarded as single domains, one can get magnetostatic interactions between the elements, so the total anisotropy can be attributed to the shape anisotropy. Hence, K eff ¼ K d , and thus the inherent shape anisotropy constant is about 2.37 Â 10 4 J/m 3 for R ¼ 1.5. For medium or small separations of S 1x and S 1y , the magnetostatic interactions are taken into account , respectively. The decrease of K eff may be attributed to the contribution of the anisotropy K dipY term along the y direction. It has been shown that if K dipY is dominant, the effective anisotropy will be totally changed. 10 Therefore, it also suggests that the magnetostatic interaction along x is needed to maintain the original shape-defined easy axis orientation.
III. RESULTS AND DISCUSSION
The normalized switching field distribution (SFD/H c ) for the arrays with weak shape anisotropy (R ¼ 1.5) are plotted in the top-right inset of Fig. 3(a) . The SFD/H c ratios obtained here are too large and the magnetostatic interaction along the y direction too strong for the application of these arrays in high-density MRAM. The influence of the shape-induced anisotropy was investigated with arrays of nanoellipses with R ¼ 2. Figure 3(b) shows the MOKE loops at h ¼ 0 for arrays of structures with R ¼ 2 and separation S 2x ¼ S 2y À 15 nm, where S 2x was 85, 35 and 20 nm, respectively. From these measurements, K d was about 3.33 Â 10 4 J/m 3 and the nanoellipses were observed to have a single-domain structure from remanent state MFM imaging, as shown in the top-left inset of Fig. 3(b) . Interestingly, for two arrays with separations S 2x ¼ 85 nm, S 2y ¼ 100 nm and S 2x ¼ 35 nm, S 2y ¼ 50 nm, the MOKE loops and H c values are similar, even though strong magnetostatic interaction exists only in the latter array. From this, the K dipX ¼ K dipY can be deduced. While for the array with S 2x ¼ 20 nm and S 2y ¼ 35 nm, the sharp decrease in H c indicates that K dipY > K dipX . Moreover, according to the report of Kirk et al., 13 magnetostatic interactions along the short axis of the nanostuctures will broaden the switching field distribution. Here, all the arrays of structures with R ¼ 1.5 (top-right inset of Fig. 3(a) ) and most of the arrays with R ¼ 2 (top-right inset of Fig. 3(b) ) are consistent with this observation. The exception is for the case of R ¼ 2 with S 2x ¼ 20 nm and S 2y ¼ 35 nm, where the SFD/H c decreases notably even though the magnetostatic interactions along y direction are much stronger than along x direction. One reason for this may be that, in this array of the nanostructures, they are so strongly coupled that they switch as a coherent array. The SFD/H c was reduced by increasing the aspect ratio of the nanoellipses to R ¼ 2, and to minimize the magnetostatic interactions, S y should be at least larger than 50 nm and S y should also be larger than S x . These results may serve as a guide for the design of high-density MRAM.
IV. CONCLUSIONS
In summary, by tuning both the shape anisotropy and configurational anisotropy, the magnetization reversal of the two-dimensional arrays of Ni 81 Fe 19 nanoellipses can be controlled. For the low aspect ratio ellipses (R ¼ 1.5), a further magnetic easy axis can be induced, while the original easy axis orientation is maintained. This should be beneficial for future high-performance MLG. For the arrays with higher aspect ratio ellipses (R ¼ 2), the switching field distrbution (SFD/H c ) can be reduced. This is highly relevant to applications in MRAM technology. Furthermore, to avoid the "cross-talk" in MRAM, spacing, S y , should be at least larger than 50 nm and S y should be larger than x-axis spacing, S x . Analysis indicates that the K conf (along y) will lower the array barrier energy and decrease H c . These results provide some useful guidance for the further applications of MLG and MRAM based on arrays of nanoscale elliptical structures.
